Optical scattering techniques have the potential to provide noninvasive measurements of neural activity with good spatial and temporal resolution. We used the lobster nerve as a model system to investigate and record event-related optical signals with a modulated light source and heterodyne detection system. We observed changes in the transmitted birefringent light intensity, corresponding with electrophysiological measurements of the action potential. The photon delay was below the detection threshold, in part due to the small size of the nerve bundle. Our system allowed us to place an upper bound on the magnitude of the phase change of 0.01°. The physiological stability of the preparation allows comprehensive characterization of biological and instrumentation noise sources for testing optical measurement systems.
Introduction
Optical imaging techniques are important for inexpensive, noninvasive medical devices. In the field of neuroscience, optical probes of the brain could provide images with unparalleled spatial and temporal resolution. There are several mechanisms by which neuronal activity leads to changes in optical properties. Increased blood flow and hemoglobin oxygenation that follow neural activation can be detected spectroscopically in invasive 1 and noninvasive 2,3 experiments. However, hemodynamic effects lag behind the action potential, with delays of up to several seconds. At shorter time scales, fast optical changes occur in the intensity and birefringence of scattered light. These fast changes are nearly independent of wavelength and are strongly correlated with action potentials. 4 -6 At the molecular level, a change in birefringence may be caused by reorientation of the peptide bonds that occurs during neural activation of the sodium channels. 5 Axonal swelling that occurs during neural activation may also lead to a reduction in the intensity of the birefringent light in reflection 7 and transmission 8 geometries.
To separate the effects of scattering and absorption, measurements can be performed to determine the photons times of flight. In frequency-domain measurements, sinusoidally modulated light travels through living tissue and is detected by a photomultiplier tube (PMT) or photodiode detector. 9 Since photon time of flight depends on the path length, the phase delay provides an indication of how much scattering the photon experiences as it diffuses through the tissue. 10 Two modulation systems are currently used to extract information from the detector. Homodyne systems use in-phase and quadrature demodulation circuits to measure the phase and amplitude of the signal. 11 Heterodyne systems mix the signal with a reference, yielding a low-frequency sine wave that has the same phase and amplitude as the original signal.
While there is little doubt that neural activity should lead to phase and amplitude changes, there is disagreement over the magnitude of these effects and the biological mechanisms causing them. Several recent studies have suggested that heterodyne systems can provide a noninvasive, spatially resolved method for studying cortical activation in human adults, [12] [13] [14] [15] with reported phase changes of 0.03°in the visual cortex 16 and 0.2°in the somatosensory cortex. 17 However, these effects are obtained under diffusion conditions, in which the photon path length is quite variable. The effects probably reflect changes in the relative transparency of deep versus superficial areas (for which photon path length is quite different), rather than a prolongation of photon paths due to scattering increases. In other words, areas that absorb less light (high transparency) will be preferentially sampled. Additionally, few studies have attempted to fully characterize sources of signal noise in their measurements. While instrument noise is generally considered to be much lower than influences from the cardiac waveform, instrument noise and other physiological noise sources are significantly higher than the signals to be recorded, especially if single-pass data are needed.
Other researchers have had difficulties finding phase changes under similar experimental conditions. 18 They performed Monte Carlo simulations to show that the expected signals due to scattering effects were below the measurement noise. Here we performed measurements to test the ability of a heterodyne system to measure optical changes in an isolated nerve, under conditions in which diffusion is not achieved, and the phase changes (if any) could only be due to scattering effects. The isolated nerve preparation provides an excellent model system to test optical measurement systems without most of the physiological noise present in in vivo measurements. The heterodyne system is an attractive method because it has the potential to be sensitive to photon delays and may also reduce 1͞f noise.
Methods
We performed frequency-domain measurements on isolated lobster nerves. The lobster nerve is an excellent model system for optical imaging of neural activity, allowing for relatively simple experiments and data interpretation. An ISS Omnia-110 Oximeter 19 was used to measure intensity and phase changes in lobster nerves. The ISS Oximeter is a heterodyne system that was used to modulate a near-infrared ͑715 nm͒ light-emitting diode (LED) at a frequency of 110 MHz. The second dynode of a Hamamatsu R928 PMT was modulated with 110 MHz frequency offset by 5 kHz. 20 The voltage applied to the PMT was 950 V. Frequency mixing yielded an output signal with a frequency of 5 kHz that was digitally sampled at a rate of 62.5 kHz.
Nerves approximately 6 cm long and 1-2 mm in diameter were extracted from lobster legs using the Furusawa pulling out method 21 and sutured at each end. A nerve was placed in a sample chamber with Ringer solution. The sample chamber contained two electrodes on one side to deliver the pulse stimulus and two electrodes on the opposite side to record the electrical response. The nerve was stimulated by a 2 mA current pulse with a width of 0.2 ms, at random intervals of 1-2 s. A window halfway between the two sets of electrodes allowed for the transmission of light. Light from the LED passed through a polarizer aligned at 45°to the long axis of the nerve. The polarized light then passed through the nerve, the chamber window, and a second polarizer that was orthogonal to the first polarizer (further details on the experimental setup can be found in Refs. 8 and 22) . The light was collected by an optical conduit that led to the ISS Oximeter. A schematic of the experimental setup is shown in Fig. 1 . Data were averaged over 200-1000 stimuli for a single nerve; to maximize the signal-to-noise ratio (SNR), results from eight healthy nerves were averaged together.
A typical output trace is shown in Fig. 2 . The period of the wave ͑ ϭ 0.2 ms͒ is much shorter than the time scale of changes in the action potential. The amplitude ͑V ac ͒ and dc offset ͑V dc ͒ were calculated numerically over 10 cycles,
where V k is the signal at a discrete time k and N is the number of data points in the ten-cycle interval. In addition, the averaged raw output was recorded; since the phase of the signal was random from trace to trace, the sinusoidal variations averaged to zero.
To determine the phase of the signal as a function of time, a zero-crossing method was used. First, the mean ͑V avg ͒ was calculated over a long time interval ͑0.5 s͒. Assuming a perfect sine wave, the signal is given by Fig. 1. (Color online) Schematic of the experimental system. Modulated light from a near-infrared LED is collimated by a lens and passes through a polarizer (oriented 45°to the long axis of the nerve), the nerve, and a second polarizer (oriented 90°to the first polarizer). The light is collected by an optical conduit and detected by a PMT in the ISS Oximeter.
where ϭ 2͞ and t is the phase in radians. Variations in V dc are small compared with the magnitude of V avg . Within that approximation,
Therefore, we can approximate the phase by calculating where V t Ϫ V avg crosses zero. We define n ͑ϩ͒ and n ͑Ϫ͒ to be the phase values where V t Ϫ V avg crosses zero with a positive and negative slope, respectively,
where n is the cycle number. Each zero-crossing value (t n ͑ϩ͒ and t n ͑Ϫ͒ ) was calculated using a nonlinear fit to four points.
Results
Plots of the averaged raw output, V dc , and V ac are shown in Fig. 3 , along with the electrophysiological response. The electrophysiological signal is a sum of different components corresponding to activation of axons of different sizes. 7 The raw output and V dc [ Figs. 3(b) and 3(c) ] show a clear decrease in magnitude after the stimulation, corresponding to the action potential. The timing of the intensity change is consistent with the timing of the electrophysiological response. The plot of V ac , shown in Fig. 3(d) , exhibited significant noise such that there are hints of the expected change, but the SNR is ϳ1. By way of comparison, Fig. 3(e) shows a single trace from a measurement that used a cw near-infrared LED ͑880 nm͒ and photodiode detector, in a different experimental setup (see Ref. 8) . The timing of the evoked response from the cw experiment is qualitatively similar to that obtained from the ISS system. While there may be differences in the time courses of the cw and ISS traces, the SNR of the ISS data was too low to make a quantitative comparison. The noise level of the cw trace is ⌬V͞V ϳ 2 ϫ 10
Ϫ5
; the noise level could be even lower if 60 Hz oscillations are subtracted. A single trace from the ISS system (not shown) has a significantly higher noise level, ⌬V͞V ϳ 3 ϫ 10
Ϫ4
. The higher noise level prevented us from obtaining signals in scattering experiments in which light was collected at a 90°angle to the incident light and the nerve axis (see Ref. 22) . The relatively weak signal from 90°scattering experiments may indicate that changes in the birefringence of the nerve are dominant over changes in transparency. Figure 4 (a) shows a plot of n ͑ϩ͒ as a function of time, where data are averaged in 50-cycle bins. There is an apparent increase of the phase following the stimulation, similar to the behavior of V dc . The reason for this behavior is illustrated in Fig. 4 (top) . As V dc increases, the zero-crossing points t n ͑ϩ͒ and t n ͑Ϫ͒ shift to the left and right, respectively. Assuming a perfect sine wave [Eq. (3)] and small variations in V dc and V ac , the shifts in the calculated phases are given by ␦ n
Since ␦ n ͑ϩ͒ and ␦ n ͑Ϫ͒ are not actual phase shifts in the modulated light, they are artifacts that arise from the zero-crossing method. Figure 4(b) shows a plot of ͑V dc Ϫ V avg ͒͞V ac as a function of time. An apparent phase shift might occur following stimulation, although the SNR is rather small.
To determine the phase correctly, we calculated the average phase value, defined as n ϭ ͑ n ͑ϩ͒ ϩ n ͑Ϫ͒ ͒ ͞2.
(7)
When this equation is used, the shifts ␦ n ͑ϩ͒ and ␦ n ͑Ϫ͒ cancel. The average phase value n is plotted in Fig.  4(c) . From this plot, we can place an upper bound for the phase change at 0.01°. We also analyzed the data using a fast Fourier transform (FFT):
where j ϭ ͱϪ1. The phase, given by tan Ϫ1 ͓Im͑X͒͞ Re͑X͔͒, is shown in Fig. 4(d) . As with the preceding analysis, the FFT did not produce any discernible phase changes. Furthermore, the noise is five times higher than the phase calculated with the averaged zero-crossing method.
Discussion
One can estimate the expected phase shift from previous experiments and simulations on near-infrared light in biological tissue. 10, 23, 24 Due to scattering, light propagating through the lobster nerve should be slowed roughly by an order of magnitude ͑v ϳ 3 ϫ 10 7 m͞s͒. For a 2 mm thick fiber, therefore, the estimated time of flight is 67 ps. The action potential should decrease the scattering, resulting in an increase in the effective speed of light. We assume that the action potential increases the effective speed of light through tissue by a factor of 5 ϫ 10
Ϫ5
, which is the magnitude of our signal [ Fig. 3(c) ]. With this assumption, the light should arrive ͑5 ϫ 10 deg, well below the noise of our measurements. Although the estimated phase difference is small, improvements in the SNR should be possible.
As noted in Section 3, experiments that use cw LEDs and photodiode detectors have a noise level that is an order of magnitude less than that of this particular ISS system. Sources of noise include quantum fluctuations of the light source (shot noise), detector dark current, and electronic noise. Since the cw and ISS experiments both use LEDs as the light source, the shot noise should be identical. Furthermore, Ramanujam et al. 25 have shown that the R928 PMT is shot-noise limited for the high voltages that were used in this study. It is therefore likely that the ISS noise arises from the instrument electronics. Specifically, jitter in the heterodyning system could introduce significant fluctuations in the output signal. Newer heterodyne systems may exhibit less instrumental noise and may also be less susceptible to environmental noise. Additionally, increasing the modulation frequency would increase the value of the phase shift; however, the phase errors would also increase. 9 It should be noted that the Omnia-110 was used because it is a single-channel system that is compatible with high-frequency analog data acquisition.
The data presented here may be relevant to the debate about the nature of the fast signal observed in humans. However, there are significant differences between the two types of measurement. During in vivo human experiments, the source and detector are typically separated by at least 5 mm, with an even longer path length. Since the lobster nerve has only 1-2 mm of tissue, we would expect much lower phase changes than in human experiments, thus falling below the noise of the current system. In addition, phase effects observed in humans [12] [13] [14] [15] [16] [17] may critically depend on the difference in transparency between deep (cortical) and superficial (skin and skull) layers. Areas with higher transparency will dominate the signal, since more photons are able to pass through those areas and reach the detector. The magnitude of the effect reported in human studies is probably too large to be due solely to the prolongation in photon path resulting from scattering changes such as those observed in the current experiment. 18 In contrast to in vivo models, the lobster nerve preparation produces very little physiological noise. Whereas signals from the lobster nerve come only from action potentials in the axons, recording from the brain introduces dendritic and somatic activity, which is larger and less transient than action potentials. Glial cells may also produce optical changes. In addition, the cells in the brain are not oriented unidirectionally, as is the case in nerves.
In summary, our experiments and calculations indicate that the phase change of modulated light ͑110 MHz͒ in lobster nerves due to changes in scattering is less than 0.01°. Since this upper bound is much lower than experimental results reported in humans, there must be other optical events, such as hemodynamic changes, that can contribute to changes in phase of the modulated signal. Our experiment validates the lobster nerve model as a means to optimize high-speed measurement of scattering signals. When combined with other measurements such as birefringence and 90°scattering, it can be used as a test bed for developing modulated light systems. Since the expected phase shift is below the sensitivity levels of current systems, the lobster model can be used to validate new developments in low-noise phase recordings and fast, noninvasive neural recordings in humans. 
